ABSTRACT
planned Cesarean delivery (CD) and emergency CD) 1 . However, the risks of adverse maternal and perinatal outcomes were analyzed on the basis of the actual rather than the intended mode of delivery. A woman who attempts a normal birth may ultimately require emergency CD, which is associated with higher rates of adverse maternal and perinatal outcome than a planned CD 1 . Consequently, the risk of complications in women attempting vaginal birth will, inevitably, be higher than the risk in those who have a successful vaginal birth, and the risk will increase if the mother requires emergency CD. Therefore, it is clear that identifying women at high risk of emergency CD may allow interventions that would improve outcome. It is well-recognized that the risk of emergency CD increases with increasing birth weight, which suggests that ultrasound estimated fetal weight (EFW) might be a useful predictor of this risk. However, multiple studies have demonstrated that suspected macrosomia is a risk factor for emergency CD even when the baby has grown normally. Moreover, it is not clear whether EFW should be 'customized' for maternal characteristics, and there are no data on whether EFW adds information to other maternal characteristics that are also associated with the risk of macrosomia, such as obesity 2 . In this study, based on data of 3047 low-risk nulliparous women from a prospective cohort study, who had blinded ultrasound EFW assessment at around 36 weeks, we aimed to (1) quantify the association of customized vs non-customized EFW with the risk of emergency CD, (2) determine whether addition of ultrasound EFW to a model based on maternal characteristics alone improved prediction of emergency CD, (3) assess the screening performance of a multivariable model using both EFW and maternal characteristics to predict emergency CD, and (4) determine whether women at high risk of emergency CD based on the model had higher risk of maternal and perinatal morbidity compared with screen-negative women.
METHODS

Study design and population
The Pregnancy Outcome Prediction (POP) study was a prospective cohort study conducted at the Rosie Hospital, Cambridge, UK. The study has been described previously in detail 3, 4 . In brief, nulliparous women undergoing dating ultrasound scan between 14 January 2008 and 31 July 2012 were eligible for inclusion. Women with a viable singleton pregnancy were approached by a research midwife and those who provided written consent were given follow-up appointments at approximately 20, 28 and 36 weeks' gestation. Ultrasound scans were performed at all three follow-up appointments. Fetal biometry was performed at 28 and 36 weeks' gestation and the results were not revealed to the women or their clinicians. However, important incidental findings were revealed, including non-cephalic presentation at 36 weeks. We excluded women who had preterm birth, non-cephalic presentation at the 36-week scan, prelabor CD, antepartum stillbirth or pre-existing diabetes or hypertension, and those who developed gestational hypertension, pre-eclampsia or gestational diabetes prior to the 36-week scan. Women were also excluded who withdrew from the study, were lost to follow-up, did not attend the 20-or 36-week scan, or had missing information on pregnancy outcome or one or more predictor variables.
Selection of predictors
One of the main aims of this analysis was to determine the diagnostic effectiveness of ultrasound EFW, when combined with maternal characteristics, in the prediction of emergency CD in otherwise low-risk women at around 36 weeks' gestation. Additional parameters that are potential predictors of emergency CD were selected based on previously published studies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and the availability of data on these parameters in the POP study at 36 weeks; these were maternal age, height, body mass index (BMI) and weight gain from 12 to 36 gestational weeks, fetal sex and abdominal circumference (AC) growth velocity. Details of the prediction models and their validation are provided in Appendix S1.
Definition of exposures
Biometric measurements were performed as described previously 4, [17] [18] [19] . Importantly, all women and their clinicians were blinded to the results of fetal biometry at the 36-week scan. Biometric measurements performed at the 20-and 36-week scans included head circumference, biparietal diameter, femur length and AC. AC growth velocity was expressed as change in gestational age (GA)-adjusted Z-scores between the scans at 20 and 36 weeks 4 . EFW was calculated from the four biometric measurements obtained at the 36-week scan using published formulae 20 . If the head measurement could not be performed, the equation employing AC and femur length alone was applied. The EFW was expressed as Z-score adjusted for GA at measurement 4 . Additionally, customized EFW was calculated (GROW v6.7.3_13; Gestation Network (UK), www.gestation.net) and converted into customized EFW Z-scores 21 . Maternal age was defined as age at recruitment (around 12 weeks' gestation). Height was measured at around 20 weeks. Maternal weight was measured at around 12 weeks and again at around 36 weeks, and maternal weight gain was calculated as the difference between these two measurements and was transformed into Z-score, adjusted for the exact GA at the 36-week measurement (Appendix S1). The weight measurement used for the calculation of BMI was taken at around 12 weeks.
Definition of outcomes
Emergency CD was defined as delivery by Cesarean section in pregnancies in which the date of delivery had not been prearranged. Analysis of postpartum hemorrhage was confined to major blood loss (≥ 1000 mL). Acquired postnatal anemia was also included and was defined as hemoglobin (Hb) < 8 g/dL within a week after delivery, in cases in which prenatal Hb (≥ 1 day before the day of delivery) was > 10 g/dL. Neonatal morbidity was defined as one or more of the following: metabolic acidosis (defined as cord blood pH < 7.10 and base deficit > 10 mmol/L), 5-min Apgar score < 7 or admission to the neonatal unit within 48 h of birth for at least 48 h. Severe neonatal morbidity was defined as one or more of the following: neonatal death, hypoxic ischemic encephalopathy, use of inotropes, need for mechanical ventilation or severe metabolic acidosis (defined as cord blood pH < 7.00 and base deficit > 12 mmol/L).
Statistical analysis
Numerical data were compared using the two-sample Wilcoxon rank-sum test, and categorical data were compared using Pearson's chi-square test, chi-square test for trend or Fisher's exact test, as appropriate. Continuous predictors were transformed into Z-scores, and adjusted for GA at measurement where appropriate. Correlations between predictors were examined using the Spearman correlation coefficient. Univariable and bivariable associations with interactions were estimated for all candidate predictors. Predictive models were then generated using multivariable logistic regression analysis allowing for non-linear associations using fractional polynomials (further details are provided in Appendix S1). Two-way interactions between all pairs of predictors were tested using the likelihood-ratio test. Model selection was performed by backward elimination using a likelihood-ratio test with P-value threshold of 0.05. The performance of models was described using the area under the receiver-operating characteristics curve (AUC, i.e. the c-statistic). Difference between the nested models that included or excluded ultrasound fetal biometry was tested using a likelihood-ratio test as recommended 22, 23 . Optimism was assessed using 100-fold bootstrapping 24 .
Further validation of the model was performed by dividing the dataset into model development and validation groups using study epochs (Appendix S1).
External validation of the model was performed using routinely collected data from Scotland, from a previously described cohort 25 . Nulliparous women with singleton pregnancy in cephalic presentation who delivered a liveborn infant by means other than planned CD at term were identified in the dataset. The dataset included the exposures maternal age, height and weight. Multiple imputation using predictive mean matching 26 (m = 10 imputations, k = 10 nearest neighbors) was performed to estimate values of maternal weight gain and EFW (Appendix S1). Imputation of EFW was aided by the presence of a highly correlated proxy (actual birth weight).
As previously described 6 , women with an estimated risk ≥ 40% of emergency CD were defined as screen positive, and screening statistics were estimated using this threshold. Additionally, screen-negative women were classified into moderate (≥ 20 to < 40%) and low (< 20%) risk. The predictive ability of models was also analyzed using the predicted probability of emergency CD as a continuous variable.
The risk of maternal and neonatal complications in women who were screen positive for emergency CD was compared with that in women who had a planned CD following diagnosis of breech presentation at the 36-week scan in the POP study. This group included women who declined external cephalic version or had a failed attempt and went on to have a planned CD, and those who were delivered by emergency CD (e.g. because of onset of labor prior to a scheduled date for external cephalic version or planned Cesarean). In the dataset from Scotland, it was possible to compare the risk of only neonatal morbidity, comparing screen-positive women with those who had a (planned or emergency) CD for breech presentation at term.
Relative risk, with 95% CI, was used for comparison of outcomes by predicted risk of emergency CD. Risk differences and numbers needed to treat were calculated to compare outcomes between women who were screen positive for emergency CD and those who had a planned CD. Statistical analyses were performed using Stata version 13.1 (StataCorp LP, College Station, TX, USA).
RESULTS
Of the 4512 women who were recruited into the study, 4011 (89%) attended the 36-week scan 4 . Of these, 885 (22%) were excluded due to one or more of the predefined exclusion criteria, and of the remaining 3126 women, 79 (2.5%) were excluded due to missing data on one or more potential predictor variables ( Figure S1 in Appendix S1). Therefore, the study group consisted of 3047 low-risk nulliparous women. The prevalence of emergency CD in this group was 18.7% (569/3047).
The distributions of all candidate predictors, except for fetal sex, differed significantly between women who underwent emergency CD and those who had a vaginal delivery (Table 1) . Compared with women who delivered vaginally, women in the emergency CD group were older, shorter, heavier and gained more weight during pregnancy, and had fetuses with greater AC growth velocity and higher EFW at 36 weeks. Women who had emergency CD were also more likely to have an induced labor and give birth at a later GA compared with those who had vaginal delivery. 
EFW and risk of emergency CD
A linear relationship was observed between the EFW Z-score at 36 weeks and the risk of emergency CD (Table 2 and Appendix S1). Increase in the log odds of emergency CD for an increase of 1 SD in EFW was similarly predictive in non-customized EFW and EFW customized for maternal characteristics (coefficients, 0.39 (95% CI, 0.30 to 0.48) vs 0.42 (95% CI, 0.33 to 0.51), respectively; P = 0.65); therefore, for simplicity, non-customized EFW was used subsequently.
Prediction models
Six additional candidate predictors (maternal age, height, 1/BMI, weight gain, AC growth velocity and fetal sex) were considered (Table 2 and Appendix S1). The strongest associations were with maternal height and EFW. Fetal sex was not predictive of emergency CD in any of the models and AC growth velocity was no longer a statistically significant predictor when it was adjusted for other predictors. A predictive model excluding EFW and employing maternal age, height, 1/BMI and weight gain had an AUC of 0.68. Adding EFW to the model increased the AUC to 0.71 and this model was more predictive of emergency CD (likelihood-ratio test, P < 0.0001).
All subsequent analyses used a model including EFW, maternal age, height, 1/BMI and weight gain. All variables were entered as linear terms without interactions, as there was no evidence supporting non-linearity or interactions.
Evaluation of model performance
Correction for optimism using bootstrapping had a negligible effect (reduction of 0.003) on the AUC and observed risks were close to predicted risks ( Figures S2-S4 in Appendix S1). The screening performance of the selected model is presented for the estimated probability cut-off of 40%. This cut-off identified as screen positive 16% of the 569 women who had emergency CD, and the positive predictive value was 48% (Table S2 in Appendix S1). A risk calculator for emergency CD was developed (Appendix S2). For example, a 37-year-old woman with height of 165 cm and BMI of 30 kg/m 2 who gained 13 kg between 12 and 36 weeks' gestation and for whom an ultrasound scan at 36 + 1 weeks indicated an EFW of 3400 g is estimated to have a 50% risk of emergency CD.
Internal and external validation of model
We developed a model from births between 2008 and 2010 (n = 1436) and tested the model in births from 2011 to 2013 (n = 1611). Women delivering between 2011 and 2013 who had a predicted risk of emergency CD ≥ 40% had an observed CD risk of 47%. External validation of the model was performed on data from Scotland of 55 537 eligible births. The prevalence of emergency CD was 16.6% (n = 9212). The c-statistic for the model was 0.71, and the observed risk of emergency CD in the screen-positive women was 44%. Screening summary statistics, calibration plots and univariable associations between predictors and emergency CD are presented in Appendix S1.
Predicted and observed risk by gestational age and induction of labor
The association between predicted and observed risk of emergency CD was further analyzed in the women of the POP cohort included in this study, in relation to GA and induction of labor. Screen-positive women had observed emergency CD between 39% to 61% at all gestational ages (Figure 1) . In women at low or intermediate risk, there was a striking increase in the risk of emergency CD with advancing GA. In all groups of predicted risk, the proportion of emergency CD was higher among women whose labor was induced.
Maternal and neonatal complications by predicted risk
Women in the study cohort who were screen positive for emergency CD based on the prediction model had a higher subsequent risk of maternal and neonatal complications compared with screen-negative women (Table 3 ). Specifically, screen-positive women had a 2.5-fold risk of postpartum hemorrhage, a two-fold risk of any neonatal morbidity and a four-fold risk of severe neonatal morbidity. Screening statistics of maternal and neonatal complications by predicted risk of emergency CD are presented in Table 4 . Maternal and neonatal outcomes were then compared between screen-positive women and those who had a breech presentation diagnosed at the 36-week scan and ultimately had a CD (n = 128; either planned (generally at 39 weeks) or emergency (generally if labor started prior to the scheduled date for planned §N is restricted to vaginal deliveries (N = 2478). ¶Defined as Hb < 8 g/dL or estimated blood loss ≥1000 mL; Hb < 8 g/dL within a week of delivery but >10 g/dL antepartum (before day of delivery). **Defined as one or more of the following: metabolic acidosis (defined as cord blood pH < 7.1 and base deficit > 10 mmol/L), 5-min Apgar score < 7 or admission to neonatal unit within 48 h of birth for at least 48 h. † †Defined as one or more of the following: neonatal death, hypoxic ischemic encephalopathy, use of inotropes, need for mechanical ventilation or severe metabolic acidosis (defined as pH < 7 and base deficit >12 mmol/L). NNT, number needed to treat.
Cesarean)) ( Table 3 ). The risk of postpartum hemorrhage and any neonatal morbidity was significantly lower in the breech group compared with the screen-positive group. There was no case of severe neonatal morbidity in the breech group and the sample size was too small to detect a difference. In the dataset from Scotland, neonatal morbidity was more frequent among the screen-positive women both in comparison with screen-negative women and with those who had a planned Cesarean for breech presentation ( Table 5) .
Risk of morbidity in screen-positive women, stratified by actual mode of delivery
Among women delivered by emergency CD, those who were screen positive for emergency CD had a higher risk of postpartum hemorrhage (relative risk (RR), 2.12; 95% CI, 1.49-3.00) and severe neonatal morbidity (RR, 3.55; 95% CI, 1.02-12.32) compared with those who were screen negative, but there was no association with neonatal morbidity (RR, 1.43; 95% CI, 0.83-2.47).
Among women who delivered vaginally, those who were screen positive for emergency CD had a similar risk of postpartum hemorrhage (RR, 1.21; 95% CI, 0.61-2.39) and neonatal morbidity (RR, 1.51; 95% CI, 0.76-3.00) to those who were screen negative, and there were no cases of severe neonatal morbidity; however, there was a higher risk of metabolic acidosis (RR, 6.01; 95% CI, 1.72-20.95).
DISCUSSION
In this study, we found that a predictive model using blinded ultrasound EFW at 36 weeks, maternal age, height, BMI and weight gain identified correctly women at increased risk of emergency CD. The actual proportion of emergency CD in screen-positive (≥ 40% predicted risk) women was 48%. The model was similarly predictive following correction for optimism and internal and external validation. These data suggest that this approach can identify robustly women at high risk of emergency CD. Previous studies have shown that emergency CD is associated with higher risk of adverse maternal and perinatal outcome compared with both vaginal birth and planned CD 1 . With respect to vaginal breech delivery, it has been calculated previously that a decision to deliver all women by planned CD would have no effect on maternal morbidity when the risk of emergency CD is between 16% and 30% 27 . Therefore, we speculated that women with a high predicted risk of emergency CD and a cephalic presentation may be at increased risk of both adverse maternal outcome and adverse perinatal outcome compared with women with a lower predicted risk of emergency CD. Indeed, we found that women with a predicted risk of emergency CD of ≥ 40% (screen positive) had a 2.5-fold risk of postpartum hemorrhage, an almost two-fold risk of any neonatal morbidity, and a four-fold risk of severe neonatal morbidity. This analysis included all screen-positive women, irrespective of their eventual mode of delivery. Interestingly, when analyzing all women Values in parentheses are 95% CIs. *N is restricted to vaginal deliveries (N = 2478). †Defined as Hb < 8 g/dL or estimated blood loss ≥1000 mL; Hb < 8 g/dL within a week from delivery but >10 g/dL antepartum (before day of delivery). ‡Defined as one or more of the following: metabolic acidosis (defined as cord blood pH < 7.1 and base deficit >10 mmol/L), 5-min Apgar score < 7 or admission to neonatal unit within 48 h of birth for at least 48 h. §Defined as one or more of the following: neonatal death, hypoxic ischemic encephalopathy, use of inotropes, need for mechanical ventilation or severe metabolic acidosis (defined as pH < 7 and base deficit >12 mmol/L). LR+, positive likelihood ratio; LR−, negative likelihood ratio; NPV, negative predictive value; PPV, positive predictive value. who ultimately delivered by emergency CD, those identified as screen positive had higher rates of complications than other women delivered by emergency CD. Hence, the association between screen positive for emergency CD using our model and maternal and perinatal morbidity was explained by two factors: (1) women delivered by emergency CD have higher rates of complications, and (2), identified by the model, there was a subgroup of women experiencing emergency CD who were at particularly high risk of complications. We speculate that the mediator for this association is likely to be slow progress in labor and/or obstructed labor, as factors such as high BMI and advanced age have been associated with increased risks of labor dystocia 28, 29 . These observations also indicate that although the model had low sensitivity (16%), it did identify a subgroup of women who had an emergency CD who were at particularly high risk of associated complications.
The current analysis suggests that low-risk nulliparous women might be screened for their risk of emergency CD at 36 weeks' gestation. However, screening is justified only when an intervention exists that might mitigate associated risks. We performed further analyses of the dataset to help inform the question of candidate interventions. The WHO survey found that the risk of perinatal and maternal morbidity was lower among women delivered by planned CD compared with those delivered by emergency CD, and planned CD, therefore, might be regarded as a possible intervention in a future trial. Hence, we then compared the rate of maternal and perinatal complications in screen-positive women with that in women with a breech presentation diagnosed at 36 weeks who were ultimately delivered by planned or emergency CD. The risk of both maternal adverse outcomes and perinatal adverse outcomes was lower in women with a breech presentation at 36 weeks compared with the risk in women who were screen positive for emergency CD at 36 weeks. These data suggest, but do not prove, that planning CD for 39 weeks, and performing an emergency CD if labor starts prior to the scheduled date for CD, may be an intervention that would mitigate the maternal and perinatal risks associated with a high predicted risk of emergency CD at 36 weeks. However, a randomized controlled clinical trial is required to confirm this hypothesis.
We also considered induction of labor as a possible intervention, as meta-analyses have indicated that routine induction of labor may reduce slightly the risk of emergency CD 30 . In screen-positive women, the actual proportion of emergency CD was even higher among those who ultimately had induced labor. Moreover, the observed proportion of emergency CD was consistently ≥ 40% for all gestational weeks from 37 weeks onwards. Thus, these data suggest, but do not prove, that offering early-term induction of labor is unlikely to mitigate the high predicted risk of emergency CD.
The findings of this study also have immediate clinical application, in addition to informing a future trial. Some women opt to deliver at home or in units that lack the facilities to perform emergency CD, such as low-risk birthing units. Transfer during labor is known to be a high-risk situation. The predicted risk of emergency CD may help inform decisions around the place of birth. This is of particular importance for nulliparous women as there is high-quality evidence that planned home delivery is associated with a higher rate of complications in nulliparous, but not in parous, women 31 . One of the strengths of the present study is that the analysis was confined to data that were available at the time of the 36-week prenatal assessment. It is known that increasing birth weight is associated with risk of emergency CD. However, birth weight is clearly only known postdelivery and cannot, therefore, be included in prenatal risk assessment and decision-making. Ultrasound fetal biometry is correlated with birth weight, but the average absolute error is ∼ 7% even when the measurements are made within a week of delivery 32 . Moreover, the relationship between ultrasound EFW and the risk of CD is complicated by the fact that knowledge of the EFW is a determinant of the risk of emergency CD regardless of the actual birth weight as multiple studies have shown that a high EFW is associated with an increased risk of CD even when the birth weight is normal [33] [34] [35] . This association is attributed to bias on the part of the attending staff in labor. We acknowledge that we could not blind the assessment of maternal predictors; however, one of the strengths of our study is the use of blinded ultrasound EFW. Hence, the current analysis presents the true association between EFW and the risk of CD, rather than the association due to biases based on knowledge of the EFW.
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